Introduction
The term "ancient glass" is used here to denote both natural analogues, such as basalt glasses, obsidians, etc, and manmade glasses. The latter have a history dating back to about 3600 years ago or 1600 before the current era (bce). The former have ages that are 10 6 years or older. In this document, I use both natural analogues and manmade glasses.
There are many uncertainties associated with the use of natural and manmade analogues to help resolve the dissolution mechanism of glass in water (Ewing and Roed 1987) . Natural analogues perhaps have the most uncertainty, especially for the older glasses that formed in prehistoric times. The details of the conditions, even over many thousands of years, under which they were altered, are usually unknown. While some of the details for manmade analogues are also unknown, their recent history (ca 3600 y) relative to man (ca 2 My) make these uncertainties smaller. And in cases of sea burial, the number of uncertainties is reduced even more.
Scope
There are many studies of ancient and natural glasses. In this document, I will limit my discussion to those reports in the literature in which results from 'dissolution' experiments are reported. By dissolution experiments, I mean experiments in which actual or reproduced glasses were tested and the reaction with water reported. Because of the rarity and historical relevance of manmade glasses, few are destructively tested; most tests are performed on glasses of the same bulk composition, but made in the laboratory. There are some field results from studies of natural glasses that are relevant and those are also discussed. For example, one of the results from nuclear waste glass testing is the effect on the dissolution rate when the zeolite analcime [ideally Na(AlSi 2 O 6 )H 2 O] forms. There are some studies of zeolitization of natural glasses that could shed light on this effect.
Natural Glasses
Natural glasses can be divided into two basalt glass and rhyolitic glass or obsidian.
Basalt Glass
As with the industrial process for making glass, basalt glasses typically result from the rapid cooling of lava. This occurs mostly where basaltic lava flows into the sea, e.g. Hawaii and Iceland, or beneath the sea. Basalts are typically low in SiO 2 (ca 50 mass%) and alkali (2 to 4 mass%) and high in the alkaline earth oxides CaO and MgO. With respect to the SiO 2 content, they are like the typical nuclear waste glass, but unlike most nuclear waste glasses, they are low in alkali and high in alkaline earth elements.
Alteration of these glasses in the low temperatures of the oceans leads to similar reaction products as those seen in laboratory experiments with simulated nuclear waste glasses. Basalt glasses found in the seas and subsurface are altered first by ion exchange then the formation of palagonite, an amorphous gellike alteration product that contains Fe and Al oxyhydroxides (Kruber, Thorseth, and Pedersen 2008; Crovisier, Advocat, and Dussossoy 2003) . Crovisier, Advocat, and Dussossoy (2003) make two points with respect to basalt glass. The glass alters to palagonite in young (< 1 My) basalts and zeolites in old (> 1 My) basalts. They also measured the activation energy for natural and synthetic basalt glass and SON68 (aka R7T7) and found it to be the same within experimental error for all three, suggesting that the dissolution mechanism was the same for all three (Crovisier, Advocat, and Dussossoy 2003) . This can be construed as implying that a nuclear waste glass like SON68 would be appropriate for the disposal of nuclear waste as it would control the release of radionuclides to very low levels. One conclusion that was not reached or at least not mentioned by the authors is that when zeolites form on the glass, the glass does not necessarily completely dissolve. There are or could be mitigating environmental factors that could also cause the glass to survive the precipitation of zeolites. Ghiara and coworkers (1993) performed experiments in a closed system at 200C with basalt glass in demineralized and natural sea waters. In demineralized water, they found that the dissolution behavior was parabolic and that phillipsite, Mg-smectite and analcime were the alteration products; grain size played no role in the formation of these alteration products. In sea water, the pH values remain acidic, thereby changing the identity of the alteration products to Mg-smectite and anhydrite (CaSO 4 ); again no role was played by the grain size of the glass. Although not mentioned by the authors, there is again no indication that the presence of zeolites, especially analcime, had a deleterious effect on the overall dissolution of the glass. Techer and coworkers (2001) studied the dissolution of a simulated basalt glass to which 1.0 mass% (2.2 mol%) Li 2 O was added so that the reaction could be followed. For static tests at 90C, they observed that the dissolution rate decreased by four orders of magnitude from the initial dissolution rate. The initial dissolution rate was similar to SON68. Upon testing the glass in a flow-through system both with demineralized water and silica saturated water ([Si total ] = 130 ppm), the maximum decrease in the rate was about 200. They attributed the disparity between the observed rates in the static and open system tests to the evolution of a dense layer that acted as a diffusion barrier to further dissolution under static conditions. Similarly, comparison of their results to the observed dissolution of many basalt glasses in nature led them to conclude that the dissolution rate, as measured from the thickness of the palagonite layer on the surface, was controlled by the diffusion of reaction products through the palagonite. They were silent on the question if all species were diffusion controlled or only specific species. In their concluding sentence, however, they mention only H 2 O, Na + , and H 4 SiO 4 . Grambow and Strachan (1984) concluded from their experiments that the diffusion of the sole rate limiting species could control the dissolution of the underlying glass matrix.
Bajpai and coworkers (Bajpai and Narayan 2005; Bajpai, Narayan, and Trivedi 2006; Karkhanis, Bajpai, and Narayan 2006; Shrivastava, Bajpai, and Rani 2008) have examined basalt glasses as natural analogues for the disposal of nuclear waste glasses in India. These studies included results from experiments with basalt glasses both simulated and natural.
Obsidian
There are many studies of the dissolution of obsidian glasses. Three relevant ones are those by Anovitz and coworkers (Anovitz, Cole, and Fayek 2008; Anovitz, Cole, and Riciputi 2009; Anovitz et al. 2006) . While the emphasis in these works is the role of obsidian dissolution to the mineral load of the nearby streams, the work is tangentially related to nuclear waste glass dissolution.
Tektites
Although there are some early theories on the origin of tektites, the currently accepted one is that they result from the impact of a meteorite on the earth (O'Keefe 1986). This impact causes the soil and rock locally to melt, some of which is ejected from the impact site. The distance traveled by these ejecta is 100 km or more. It is suspected that to travel that far, they must certainly have traveled into space, but at less than escape velocities. Thus, the tektites are of terrestrial origin and this has been supported by isotope measurements. Tektites are relatively high in SiO 2 averaging about 75 mass% and they typically contain significant iron. Because of the high SiO 2 concentration, tektites are rather durable.
Some of the early work on the weathering of tektites was done by (Lamarche, Lanford, and Rauch 1980) . The work since that time has to do with the characterization of the weathering products (Marini et al. 2000; Papelis et al. 2003) . Work specific to nuclear waste was carried out by (A. Barkatt et al. 1984; A. Barkatt et al. 1994; A. Barkatt et al. 1989; ). Diffusion of water in tektites was measured by Mazer and coworkers (1992; . The experiments were carried out like a vapor hydration test (J.K. Bates, Jardine, and Steindler 1982; J. K. Bates and Steindler 1983; Jiřička et al. 2001; Schatz et al. 2003) . Although the amount of glass affected was very small (<1 μm), the tektite altered to kaolinite ; J. K. Bates et al. 1991; . Diffusion was identified as the ratecontrolling mechanism with an activation energy of 80-90 kJ/mol.
Barkatt and coworkers also studied tektites with the aim of understanding the long-term behavior of glass in the environment (A. Barkatt et al. 1989 ; Aa. Barkatt et al. 1986; A. Barkatt et al. 1984; A. Barkatt et al. 1994) . These experiments were more classical in that they were dissolution tests with excess water. Dissolution rates were compared with the observed alteration of tektites in the environment. They found the alteration rates to be similar and similar to the dissolution rate determine with the free energy of hydration (C. M. Since the early 1990s, no additional work with tektites as the results relate to nuclear waste glasses has been done. The measurement of diffusion in these glasses in essentially a vapor hydration test yields results that are affected by reaction of the glass with water to form alteration products. Thus, the activation energies measured are not just for the diffusion process and, therefore, should be used with great caution. Dal Bianco et al. 2005) . The French group worked with a glass block that was found in shipwreck in the Mediterranean Sea off the coast of France. The glass had been at the bottom of the sea for about 1800 y. Verney-Carron and coworkers (2010) used results from the characterization of the alteration layers in the cracks of this glass block and from experiments performed with both the actual unaltered glass and simulated glass to show that the dissolution was controlled by diffusion. They calculated the layer thicknesses and solution concentrations from their experiments with the GRAAL model Frugier et al. 2008) . To explain the dissolution rate in this and nuclear waste glasses, a diffusion layer approximately 10 nm thick with a diffusion coefficient of 10 -21 m 2 s -1 is used to describe a water diffusion barrier called the passivating reactive interphase.
Ancient Glasses

Roman glasses
The group at the University of Padova has done extensive studies of glass cullet found in the Iulia Felix shipwreck found at a depth of about 15 m about 10 km off the coast of Italy near the present town of Grado. This ship was carrying glass cullet to a glass melter, probably located in or near the town Aquileia. While no melter has been found, there is plenty of circumstantial evidence for the melter. The glass cullet was in a large barrel on the foredeck of the ship. The total mass of the material comprised about 140 kg and nearly 12 000 pieces, most of which was colored glass (Toniolo 2008) . The layers on these glass pieces have been very well characterized and reported in the references above. These glass pieces were under the sea for nearly 1800 y before being discovered by a fisherman. They were covered over by sea sediment after some undetermined period of time. The sediment in this part of the Adriatic is a mixture of calcite [CaCO 3 ], dolomite [(CaMg)(CO 3 ) 2 ], and minor pyrite (FeS). Thus, while reducing, it contains no silica. Despite the similarity of the compositions of these glasses (Silvestri 2008; Silvestri, Molin, and Salviulo 2008) , the layers on the surface of these glasses are different for the colored and colorless glasses with a multilayer sequence of lamellae on the colored glasses and a white amorphous layer on the colorless glasses (Silvestri, Molin, and Salviulo 2005a) . It is unclear why these differences in dissolution occurred. No studies of the dissolution of these glasses has been undertaken.
Medieval Glasses
As with other ancient glasses, there has been much characterization of the glasses and their reaction products, but few studies have involved the testing of the actual or simulated glass. One of the only studies in which simulated medieval glasses have been tested has been carried out by Hannelore Römich and coworkers (Carmona et al. 2005; Fuchs et al. 1991; Mees et al. 2009; Römich 1999; Römich 2000; Römich 2003; Römich 2004; Römich 2006; Römich 2007; Römich et al. 2003) . She studied medieval stained glass windows from German and English cathedrals. Remnants and fragments of these windows are often found buried on the church site. Therefore, her experiments were set up to mimic that burial environment. She used simulated glasses; glasses of the same composition made in the laboratory. The pH of the soil solutions was artificially adjusted with chemical solutions; the same soil was used in both test beds. For the more complex glass (9 components (~48 mass% SiO 2 , ~3 mass% Na 2 O, ~24 mass% K 2 O, and others), she found that the glass developed etch pits in mildly acidic conditions (pH = 6.5 -7.5) whereas more or less uniform corrosion was found under more alkaline conditions (pH = 8 -9) . The glasses developed reaction rinds reminiscent of those found on artifacts. She states that Roman glasses, those with a sodium-lime-silica composition, are far more durable than those made after the collapse of the Roman Empire and were potassium-lime-silica compositions.
Discussion
Results from the literature search shown above suggest few laboratory studies have been carried out with ancient man-made glasses (medieval and older) to determine if rates of dissolution and similarities with modern glasses for the disposal of nuclear wastes. Below I discuss the sites at which glasses have or might be found and what studies are needed to bring into focus the relevance between the result from the experiments that ancient man unwittingly started and the needs for present-day repository performance assessments.
Sites for Ancient Glasses
Strachan (2009) investigated various archaeological sites at which glasses might be found for use in verification of the performance assessment of the Hanford Site Integrated Disposal Facility. He identified four sites, Tell Ahmar, Tell Brak, Caesarea Maritima, and Khirbet Cana; the first two are located in Syria, the second two in Israel. His assumption was that the land-based sites offered the best possibility of obtaining data to support a verification effort. He also was looking for sites at which glasses could be found that approached the oldest available. Glass appears to have been 'discovered' about 4500 years ago in Egypt (Jackson and references therein). Extensive trade throughout the ancient world had much of this glass being transported as far away as Mesopotamia (Jackson). These conclusions were reached early by researchers such as Brill (1999) , but the debate continued for a number of years because, while the major and minor components of the glasses from the Bronze Age glasses suggested Egypt, Mesopotamia could not be ruled out. The recent work by Jackson (2010) appears to have settled this debate. She used the trace elements in the glass blocks found in the Uluburun shipwreck off the coast of Turkey to show that the production site had to be Egypt, although only a very limited number of the glass ingots was analyzed. It is the existence of these glass ingots from the Uluburun that suggested glasses buried under the sea should not be ruled out for possible use to verify performance assessment codes.
Therefore, included with the land-based sites discussed earlier by Strachan (2009) , three sea-based sites should be included -the site from which the French group obtained specimens, the Iulia Felix site, and the Uluburun site (G.F. Bass, "Oldest Known Shipwreck Reveals Splendors of the Bronze Age," National Geographic Magazine 172 no. 6 (December 1987), 692-733). While these are sites where glass has been found, they are still potentially useful for performance assessment verification. This is mainly because at no site has the profile of elements from the glasses buried there been measured and compared with the calculations of that profile. In the case of the Iulia Felix, the 'sand' does not contain silica. This means that there is an excellent chance that elements from the glasses could be tracked in the consolidated and cemented sediment. The fact that the sediment surrounding the glass artifacts is cemented by the growth of secondary calcite (Silvestri, Molin, and Salviulo 2005a) suggests that the dissolution of the glass caused this cementation; the normal sediment would not be expected to be and generally is not cemented. Fortunately, some of this cemented sediment exists and is part of an ongoing study by the University of Padova group. Most of the cargo on the Iulia Felix was ceramic jars. It would be useful to determine if any sediment from these artifacts exists. This site is closed and all artifacts are in storage.
Likewise, the other two sites are closed. It is unknown if there is any cemented sediment from these sites. An inquiry should result in an answer to this question. Other sites are likely to be found. If there is glass located at these new sites remains a discovery to be made. However, by working early with archaeologists, we can be in a position once glass artifacts are found to recover what is useful to us and not necessarily to the archaeologist.
Needs for Repository Performance Assessment
From a performance assessment point of view, the needs are both simple and complex. The simple fact is that the dissolution mechanism of the glass and a profile of dissolved elements in the environment are needed. If the dissolution mechanism and the transport mechanisms are known, then the calculation of both the release and the profile of released elements can be calculated. For archaeological glasses, this has never been done. One example of the calculation of the elemental profile from a man-made artifact was done on an ancient Greek bronze piece (Murphy article). This attempt was partially successful. Difficulties with the analysis of the soils made the comparison difficult and the instrumentation available at the time was much less sensitive than that currently available.
It is important to understand the relationship between archaeological glasses and the needs for performance assessment verification. As indicated, to calculate the dissolution of a nuclear waste glass in a repository, the mechanism by which glass and water interact must be know sufficiently well that the uncertainties are manageable. In the case of the current understanding of glass dissolution, there are four parameters for which values are needed. The uncertainties in these values propagate to the uncertainty in the dissolution rate at any given time and environmental chemistry. Secondly, the transport of these release radionuclides in the environment needs to be calculated so that the dose to an individual at the distance from the repository specified in the regulations can be calculated. This means that the chemistry of the radionuclide-rock interactions needs to be adequately determined. As with the release, the transport parameters become important to the calculation of the overall uncertainty in the dose to the individual. So it is with the archaeological glass. To calculate the profile of the released elements from the archaeological glass, both the release mechanism parameters and the interaction of these elements with the soil in which the artifact was buried need to be known and the uncertainties defined.
Archaeological glass analyses help provide a better understanding of the long-term dissolution of glass because the length of time this experiment has been carried out far exceeds any done in the laboratory. Thus, if certain phenomena, such as diffusion, have been operating, the expected effects should be very well manifest. Understanding and being able to calculate the effects of similar glasses in different environments, such as burial under the sea and different soil conditions (Silvestri, Molin, and Salviulo 2005a) leads to verification of the glass dissolution model, irrespective of the fact that no radionuclides exist in ancient glasses. Likewise, calculation of the profile of elements released from the glass allows the verification of the transport mechanism parameters and model, irrespective of the fact that no radionuclides exist in ancient glasses. is ready to be used routinely. The major problem is the presence of moisture in the soil. Most resins and acrylics are incompatible with moisture. This consolidation needs to be done in situ so that the glass and soil can be removed as a unit. This allows the elemental profile to be measured in good relationship to the artifact. Additionally, the glass and soil are silica-based. The elements in the glass that are likely to be foreign to the soil are minor components in the glass. Therefore, tracking them in the soil is a difficult, but surmountable, analytical problem. Modern analytical techniques and instruments, such as laser ablation coupled to an inductively coupled mass spectrometer, make this more trackable. This technique has recently been used to solve a long-standing archaeological problem of the origin of the glass ingots in the shipwreck at Uluburun, Turkey.
Fu
Conclusions
There has been little dissolution testing of existing and simulated ancient glasses. Much of the work that has been done with ancient glasses has been characterization and conservation. More work has been done with natural glasses. However, as with the ancient glasses much of the work has been characterization with goal of understanding how the deposit evolved, what the contributions to the aqueous medium, and the alteration minerals. Recent work by the groups at CEA in France and at the University of Padova have provided a lot of information on the dissolution of the glass and its alteration. The CEA group interpret the data to suggest that a thin, 10-nm layer exists at the interface between the undissolved glass and the gel layer (A. Verney-Carron et al. 2009; Aurélie Verney-Carron et al. 2010) . At 10 nm, it is a layer that is nearly impossible to prove or disprove, but is suspect. The characterization of the alteration layers on the glasses from the Iulia Felix (Silvestri, Longinelli, and Molin 2010; Silvestri, Molin, and Salviulo 2005a) can be used to suggest that a 10-nm layer is not responsible for the behavior of glass in contact with water over nearly 2000 years of contact with sea water. More work in this area is needed. With the advent of new and very sensitive instrumentation, some of these open questions can be resolved by examining ancient glasses from various environments. Resolving the open questions with respect to ancient glasses results in resolution of the open questions with modern nuclear waste glasses and its long-term storage in near-surface or deep geologic repositories.
